Abstract. The lunar cycle has long been suspected to influence biological phenomena. Folklore alludes to such a relationship, but previous scientific analyses have failed to find significant associations. It has been shown that lunar cycles indeed have effects on animals; significant associations between human circadian rhythms and lunar cycles have also been reported. We set out to determine whether a significant statistical correlation exists between the lunar phase and sex determination during conception. We found that significant associations (p-value < 5 × 10 −5 ) exist between the average sex ratio (male:female) and the lunar month. The likelihood of conception of a male is at its highest point five days after the full moon, whereas the highest likelihood of female conception occurs nineteen days after the full moon. Furthermore, we found that the strength of this influence is correlated with the amount of solar radiation (which is proportional to moonlight). Our results suggest that sex determination may be influenced by the moon cycle, which suggests the possibility of lunar influence on other biological phenomena. We suggest for future research the exploration of similar effects in other phenomena involving humans and other species.
Introduction
The lunar cycle has long been suspected to influence biological phenomena. Early myths associate the moon with growth efficiency of crops, animal reproduction and behavior, and human fertility. The ancient Greeks worshiped Artemis as the goddess of the moon, childbirth, and fertility [15] . Aristotle, credited with one of the earliest references to the influence of the moon phase on reproduction (Parts of Animals, 680a:30), noted that the "ova," or reproductive organs of the sea urchin, are much larger in the nights of the full moon, although modern research observes this only in the Red Sea [9] . Additionally, Ptolemy mentions that the most copulation of herds occurs during full moon (Tetrabiblos Book I Chapter III).
The Moon takes roughly 27.32 solar days to circle the Earth in what is called the Moon's sidereal cycle. However, simultaneously, the Earth orbits the Sun and as a consequence the full cycle of the moon as observed from Earth exceeds the sidereal cycle in length [21] ; this synodic cycle is currently estimated at 29.53 days. A metonic cycle occurs when the solar year and the synodic cycle share a multiple; 19 solar years roughly (fewer than 2 hours off) equates to 235 synodic months, a calculation the Babylonians made with limited understanding of the planetary physics [12] . The phases of the Moon, as we know them, correspond to the synodic cycle; the ends and beginnings of each lunar month are dictated by a visible full moon, and each month can be easily divided into quarters or lunar phases [21] .
It has been shown that lunar cycles indeed have effects on animals. Honeybees peak in bodyweight during a new moon, and their triacyloglycerols and steroids follow a 29.5-day cycle [29] . Fish experience similar cyclicality. Periodogram analysis of the sperm cycle of the mummichog (Fundulus heteroclitus) reveals a semilunar cycle of 15 days [5] . Plasma melatonin levels of the golden rabbitfish (Siganus guttatus) fluctuate with the moonlight intensity at night, peaking during new moon; furthermore, these fish do not spawn when light intensity is held constant [29] . Thyroxine levels of salmonid fish surge in the new moon in preparation for seaward migration [11] . There is evidence that this type of phenomenon is influenced by moonlight intensity rather than by gravitational effects; moreover, it has been well documented that the reproductive activities of many fish are influenced by moonlight [24, 25] . Among vertebrates, a physiological response to moonlight is not exclusive to fish; it has been observed that lunar cycles and amount of light affect the nuclear size of the pinealocytes of Wistar rats [16] . Zimecki (2006) [29] reports that Nazca boobies (Sula granti ) experience lowest concentrations of melatonin during the full moon. Navara and Nelson (2007) [17] describe how light encourages the pineal gland to suppress melatonin; furthermore, it is known that the presence of melatonin decreases estrogen secretion in many mammals. An investigation designed to test whether mare fertility varies with lunar cycles using two thoroughbred stud farm records over nine consecutive years revealed that the probability of conception was higher two days after full moon [14] . Additionally, increased fertility of artificial insemination of dual purpose bovines has been reported during the full moon [18] .
Associations between human circadian rhythms and lunar cycles have had mixed reviews [8] . Ghiandoni et al. (1998) [10] observed more deliveries on the first and second day after a full moon, especially for multiparous births, with a small sample of births in a hospital in Fano, Italy. This result was confirmed by Charpentier and Causuer (2009) [4] [23] depart from this finding based on the study of births in Mozambique; Periti and Biagiotti (1994) [19] also found no association between lunar phase and delivery rates. Human fertility in New York City was highest in the quarter of the lunar month immediately following the full moon [29] . Additionally, Cutler et al. (1987) [6] noticed a correlation of onset of menses in the same phase. Humans, among numerous other species beyond the Nazca booby, experience suppression of melatonin levels when exposed to extended periods of light [17] . Specifically, "[h]uman exposure to a low-level incandescent bulb at night requires only 39 min to suppress melatonin levels to 50%" [17] . Das et al. (2005) [7] found that the lunar phase had no effect on in vitro fertilization. Other skeptics [21] , in their "meta-analysis of lunar lunacy" produced 37 studies examining correlations between type of lunar cycle, geographical features (latitude, population density, etc.), mental hospital admissions, psychiatric disturbances, crisis calls, homicides, and other criminal offenses. This meta-analysis revealed that alleged associations between moon phases and behavior in previous studies were traced to inappropriate analyses.
This article is organized as follows: Introduction presents the state of the art in regard to this particular problem, Methods described the methods used to assess the association, Results describes the results found, Discussion offers an interpretation of the results, and Supplemental Material presents additional computational support to the claims made in the paper.
Methods
Given the lack of past evidence of any influence of the Moon on human reproduction, we inferred that any effect, if it existed, would be small. Thus, we selected a data set whose sample size was big enough to detect very small variations. Human data for this study was obtained from public sources via the US Centers for Disease Control and Prevention (CDC) [3] . The CDC collects Vital Statistics for all reported births in the US since 1969. A record is created for each newborn with information including place of birth, residency, parents' socio-economic factors, gestation length, race, birth order, and weight. Starting in 1989, the day of birth was replaced by the week of birth, to de-identify the data.
The exact date of birth was published for all newborns in the US between 1969 and 1988 (longer than one metonic cycle); 56,545,326 births were recorded in this period. We choose a conservative 99% confidence interval and 90% power, thus Z α/2 = 2.58 and Z 1−β = 1.282. Our µ 0 and µ 1 differ by 0.0176 when comparing our two peaks and they each have an approximate standard deviation σ = 0.0429. Therefore, we estimate that we need to be comparing at least
Each year's data is contained in a single flat file in which each record is a continuous chain of characters; the CDC provides documentation to describe the positions and codes of each of the 99 variables. We parsed these 20 years of data (11.3 GB, source code in C++, Transact-SQL, and MATLAB is available as supplemental material) which outputs a comma-separated values (CSV) file containing six additional columns: formatted date of birth and conception, the lunar month in which each of these two occurs, and the number of days between a given date and its most recent full moon (computed for conception as well as birth) which we call from now on "post-full " values. The dates of each full moon were obtained from NASA [2] . Between full moons in the synodic cycle, there are 29.53 days on average; thus, we rounded the number of days by considering the last day of the lunar month to contain all births in the interval [28,29.53 ]. The post-full values range from 0 (when conception or birth occurred on the day of the full moon) up to 28. After importing the data into a relational database management system (RDBMS; SQL Server 2012 was used), a number of records per year were randomly selected for comparison against the flat files originated in CDC with no inconsistencies; this quality control procedure gave us confidence in the accuracy of our data transformation. All years of data were stored in a single table in the RDBMS. The relational database file had a size of 69.9 GB. In the RDBMS, we wrote stored procedures that marked the incorrectly reported birth dates with an error code, added a sequential identification column to each record, and altered the tables by adding 11 SQL indexes to speed up queries. Lastly, data was retrieved for analysis with direct calls to the RDBMS from MATLAB.
It is possible to approximate the date of conception knowing the date of birth, weeks of gestation, birth order, and the age of the mother taking into consideration that:
• The number of days of conception varies with birth order; on average full-term pregnancies have 270 days of gestation for primiparous mothers, and 268 days for multiparous mothers [22] .
• The duration of the menstrual cycle is a function of age [26] ( Figure S1 ).
• The distribution of the fertile window varies with the duration of the menstrual cycle [28] (Figure S2 ). Therefore, to determine the date of conception, we first recovered data from Treloar et al. (1967) and Wilcox et al. (2000) using DataThief [27] (cf. Figures S1 and S2 in Supplemental Material). Then, we used the mother's age to find her likely menstrual cycle length via the median in Treloar et al. (1967) , and with this information we determined the day of median fertility in Wilcox et al. (2000); we call this adjustment in days A. This estimation, of course, yields a distribution. Since we have millions of records, we operate under the premise that the central tendency of this distribution reveals the likely true value.
The date of conception was determined as
where C represents the conception date, B represents birth date, W represents the number of weeks of gestation, and α = 2 for multiparous mothers or α = 0 otherwise [22] . Figure 1 and 2 indicate that we must control for gestation. The period between weeks 37 and 41 is considered the time of "term births", that is, the period considered normal, with 37 weeks general regarded as "early term", and week 41 usually called "late term". We constrained our analysis to term births, since this is the period in which it is most likely that births have not been influenced by abnormal factors.
The code retrieved the count of male conceptions on each day and stored them in a 260 x 29 matrix where each column is the count of male conceptions for a particular post-full value and each row is the count of male conceptions from a specific lunar month. The same was done for female conceptions, and then we point-wise divided them to determine the sex ratio of each day. These male:female ratios were stored in a 260 x 29 matrix where each column is ratios for a particular post-full value and each row is all the ratios from a specific lunar month. Each post-full value has a vector of roughly 260 values (a column in the ratio matrix). Figure 3 (a) displays the average of each of these column vectors. Next, we took the 29 column vectors and ran z -tests comparing all 841 possible pairs (cf. MATLABs pcolor rendering in Figure 4 ). We used a Benjamini-Hochberg-Yekutieli procedure with a conservative false discovery rate of 0.01. We also ran the 841 z -tests for the male and female matrices. This analysis was repeated for births ( Figure S3 ).
In an effort to further analyze our data for a possible effect of light on sex-determination, we used location data to give our data more filtering capabilities. We were unable to find publicly available data about moonlight. However, cloud cover over North America on average is 3.2% greater in the daytime than at night, with seasonal variations from 2.0 to 4.3 [13] . Using sun radiation as an indicator for moonlight, we considered the annual Global Horizontal Irradiance (GHI) average for each county[1] ( Figure 5 (a) ) and joined this data with the natality datapairing each birth's NCHS county code of residence with the equivalent FIPS code and GHI annual average in that county. Writing and executing stored procedures in our RDBMS, we determined for each county the number of births reported, the percentage of births for each race, the average sex ratio, average birth weight, average gestation, average mother's age, average father's age, average education of the mother, average education of the father, average start of prenatal care, and average birth order. We used a linear mixed model to further analyze the effects of these variables that displayed slightest correlation.
The linear mixed model is used to investigate the influence of moonlight on sex ratio of the newborn babies. The mixed model refers to the linear model with fixed effects and random effects, which can be used to study the correlated data by grouping the subjects. The fixed effects are of primary interest, which include gestation length and sun light radiation; random effects are thought of as a random selection from groups, which include the groups of population and race. The fitted linear mixed model is
where G represents the period of gestation, D represents radiation, G ∩ D represetns the interaction between gestation and radiation; j is the index for population, with j = 1, 2, and 3 representing low, medium, and high population density counties, respectively; i is the index for race, with i = 1, 2, and 3 representing white, black, and Native American, respectively (Hispanics were not consistently reported during the period of study). R ijk is the response sex ratio of i-th record of population group j and race group k; βs are the fixed effect parameters, γs are the parameters of the random effect for population groups; δs are the parameters of the random effect for groups of race, and ijk are the errors.
The fitted values for the parameters of interests areβ 2 = −1.48161 andβ 12 = 0.03751, which suggest a negative influence of radiation on the sex ratio. To verify the statistical significance of the parameters of interest,β 2 and β 12 , we performed an ANOVA-type likelihood ratio test, i.e. we compare the model with and without radiation effect. The result of this likelihood ratio test is significant with a p-value of 0.007107, which suggests that radiation significantly influences the sex ratio in a negative way. We further accounted for artificial light. The majority of artificial light occurs in denser areas. Therefore, using number of births in a county as an indicator of population in that county, we separated our data into three population groups. We sorted the counties by number of births after 1984 (the earlier years had fewer regions reporting) and systematically drew two demarcation lines (which were at 2834 and 3082 births per county) such that each of the three groups determined by these divisions comprises approximately one-third of the populationthese sets contain different quantities of counties. Group 1 contains the smallest counties; the medium size counties comprise group 2; group 3 is the set of the largest counties. We added a table in our RDBMS that contains each county code and its population group assignment. This population group filter was added to our analysis, and we used it to compare high-density population areas to low-density areas, intending to compare urban areas with high artificial light to rural areas with little artificial light.
Lastly, we added the filtering capability to choose random birth entries to objectively choose a random subset for analysis. We wrote a stored procedure in our RDBMS that randomly assigns floating point values to each of our birth records. These random numbers follow a Gaussian distribution. After this assignment, every one of the 56 million birth records has a random value by which it will be filtered. For example, when we filter by 1 standard deviation, then every birth record which has a Gaussian value within 1 standard deviation of the mean will be included in the set which we then run analysis on. We repeated this filtering and analysis additionally on all records with a value within 2 standard deviations of the mean.
Results
We determined a gestation length restriction for our analysis by observing how birth weight and sex ratio vary with gestation. We graphed the average birth weight for each sex at each length of gestation (in integer weeks) (Figure 1 ). On this graph, the number of total records for each gestation length is shown in bar form and our interest window of 37-41 weeks is shaded. We next showed the relationship between gestation length and total births for each sex (Figure 2(i) ); the same was done for gestation and sex ratio immediately below (Figure 2(ii) ).
For every day of the lunar month, the average sex ratio was calculated and plotted for the conceptions occurring on that day; this was repeated for births for contrast (Figure 3 ). When the average sex ratio for a given day of the lunar month has a value greater than the mean of all days, it favors males more than the mean and is colored blue. If a day has an average sex ratio less than the total mean, it is colored pink. Although we use the same data and records, the means of the sex ratios by lunar day are not equal because we are calculating the mean of the daily mean of ratios, which are non-trivially altered by the conception date calculation. More specifically, the sex ratio at birth on a given day does not have a precisely corresponding value in our conception matrix roughly 9 months prior; thus, averaging different ratios gives us two different means. (As a brief example, suppose on each day you have [number of male, number of female] births for two days. Day 1 is [3, 3] , and Day 2 is [3, 2] . You then calculate the conception dates A and B with the slightest variation for these 11 babies: Day A [2,4] , and Day B is [4, 1] . Our sex ratios per day at birth are 3/3 and 3/2 with an average of the ratios as 1. 25 . At conception, our sex ratios are Day of the lunar month Figure 3 . Sex ratio on each day of the lunar month for (i) conception and (ii) birth, where gestation is between 30 and 40 weeks. Days of the lunar month that favor boys more than the mean are blue. Days of the lunar month that favor girls more than the mean are pink.
2/4 and 4/1 with an average of these ratios as 2.25. Notice that the overall sex ratio is 6 males to 5 females which results in a 1.2 sex ratio. All three of these are different.) We ran z -tests comparing all possible pairs of post-full series values and plotted the resulting p-values ( Figure  4) . We compared male counts, female counts, and sex ratios. The fourth matrix colors just the p-values of the ratio comparison matrix lower than the critical p-value. Every small square represents an interpolated value of its four vertices and is colored as such.
We further explored other filters for our analysis to understand the correlations we observed. We displayed the sun radiation, specifically the GHI average, for each county. Because we wish to consider other factors, we also mapped the percentage of the babies born to white parents as an indicator for the percentage of the population that is white, the total number of births in each county as an indicator for population, and the average sex ratio for each county ( Figure 5 ).
Discussion
We witness a distinctive variation in birth weight, sex ratio, and quantity of births for each gestation length. we observed that for a given gestation length males weighed more than females at birth, on average (Figure 1) . Additionally, prior to week 37, some unidentified phenomenon favors the birth of approximately 15% more males than females in a very consistent way. This phenomenon stops in week 37, and then we observe a fast decrease of sex ratios, so that by week 42, the same number of males and females are born (Figure 2 ). It is interesting to note that the average birth weights at this same time cease increasing (Figure 1 ), which gives weight to the concept that the incredibly male-dominant sex ratio for pre-term births stems from males growing faster than females. Once growth stops around 40 weeks, male and female births even out. However, more male than female births in an aggregate 46 million records is not as convincing as a daily analysis. Thus, we observed the frequency (using a Hodrick-Prescott filter) of male and female reported births on every single day between 1969 and 1988 as well as the count of male and female computed conceptions in the window roughly nine months prior (see Supplemental Material Figure S8 ). Males outnumber females at a relatively regular rate. Additionally, Americans appear to follow a seasonal reproductive cycle with peak conception in January and June (peak births in March and October).
Noticeable spikes (the greatest variations from the mean sex ratio) exist for conceptions 5 days and 19 days after a full moon. Conception of a male is most probable five days after a full moon (Figure 3) . The best chance for conceiving a female is 19 days after a full moon, although the sex ratio still favors males at this time. Notice that the same is not true for births. In fact, the graph of births does not display a similar or shifted representation whatsoever. Our data agrees with the observation that noticeably more male births occur on full moon than female births.
We need to understand if the spikes we are seeing are significant. We witness an incredibly significant p-value of 8.0934 × 10 −11 for the z -test comparing day 5 against day 19 (and 1.1 × 10 −10 for 19 against day 5) ( Figure S3 ). The same z -tests were run for the births ( Figure S3 in Supplemental Material). The different results indicate that the conception significance is not an artifact originating from the conception calculation. In fact, the peak at day 27 is significant; the z -test comparing day 27 to day 19 has a p-value of 6.2 × 10 −7 . Our readings about the pineal gland suggest that moonlight might play a role in this correlation. Operating under the assumption that cloud cover at night follows the same trends as the day, our intent is to use sun radiation measurements to determine the relative intensities of moonlight in different areas. We plotted data from the National Renewable Energy Laboratory (NREL) [1] which presented the Global Horizontal Irradiance (GHI) average for each county ( Figure 5 (a) ). This solar radiation data implements the SUNY model, which accounts for atmospheric water vapor, trace gases, and aerosols (nontrivial in large cities). This model calculates similar GHI values as the MAC3 model which accounts for cloud cover. For additional visualization, we mapped the percentage of the white population per county ( Figure 5(b) ) to visualize that our observation is not confounded by the race demographics of regions in the US. We also mapped the population per county (with color selection to follow our population group assignment) ( Figure 5(c) ) so we could see where the artificial light may be affecting our observations. Nonetheless, although the average total sex ratio per county has a visual signature that appears uncorrelated to region, our linear mixed model indicates otherwise ( Figure 5(d) ).
To further visualize the proposed effect of moonlight on sex ratio, we filtered the data and ran the analysis on these subgroups, ensuring that each subgroup exceeded our sample size requirement. In an effort to compare rural counties to urban counties (which tend to possess more light pollution), we split the data into three groups, each containing roughly one-third of the births in the 20 years period. We use number of births to residents of a county as an indicator for population. Notice that in the counties with the highest GHI radiation, the effect of the lunar cycle on sex ratio is more pronounced. However, for most of these subgroups, few significant correlations can be made. The highly populated counties are the exception. Numerous significant p-values display a similar pattern of the overall and white overall analyses. The abundance of light at night in urban areas, could be suppressing melatonin which gives us this more pronounced signature. We repeated this analysis for births ( Figure S4 in Supplemental Material), which shows once again that we are not observing an artifact based on our conception calculation and that in all subgroups, births right before the full moon noticeably favor males.
In conclusion, the lunar cycles seem to have a very significant influence on sex determination in humans for a specific segment of mothers (ages 17-26, full-term pregnancies).
Supplemental Material
Many authors have looked into the seasonality of births and conceptions. Although we discussed the seasonality of American births, Zimecki's study shows that the French deliver the greatest number of births in May and the least around September and October [29] . Roenneburg and Aschoff (1990) [20] state that a peak of conceptions occurs near the spring equinox as an aggregate result of their 166 geographical regions with birth data from the past 3000 years. Their 9 month difference calculation indicates this from their peak of births in December. Their specific data for the District of Columbia from 1908-1909 displays peaks in births in February and July which indicated Figure S2 . Peak fertility curves during the menstrual cycle for females of different menstrual lengths taken from Wilcox (2000) [28] . The median of each curve is displayed and is the most likely day of the menstrual cycle on which conception occurs.
peak conceptions in May and October. Our findings ( Figure S8 ), however, indicate peaks in American conceptions occurring in January and June and peaks in deliveries occurring in March and October. Here, we analyzed the effect of moonlight on sex ratio. We did not yet look into gravity. The X chromosome is 3% heavier than the Y chromosome; we hypothesize that this is another possible reason for the significant peaks we are witnessing. Analysis taking into account the gravitational forces of the three-body problem [12] and the anomalistic cycle needs to be done to determine if gravity is a factor.
Our analysis of this dataset is by no means complete. Cutler et al. (1987) reported a relationship between the onset of menstruation and the onset of full moon; if prevalent, more conceptions would occur during new moon. Our rough findings indicated no significant correlation between total conceptions and lunar phase. Furthermore, we saw no peaks in total births in the few days following the full moon, where Ghiandoni et al. (1998) [10] claims peaks occur. Meanwhile, Zimecki (2006) [29] discusses births varying with week day. Our non-rigorous look into this revealed non-significant variations. These analyses have much better framing in a more rigorous and separate paper. Figure S4 . Sex ratios at birth per lunar day each using a different filter in our interest period. We display the overall stem plot from 3 for comparison, a stem plot filtered only for babies born to two white parents, and four other plots that contain the race filter in addition to other filters: low GHI, high GHI, low population, and high population. counties separated by GHI are put into three groups based on GHI levels. The lowest third of counties comprise the low group, and the highest third comprise the high group. Using number of births as an indicator for population, the low population group contains the counties with the fewest births that total one-third of total births. The high population group contains the counties with the most births that total one-third of total births. Figure S5 . The matrices of p-values of the z -tests for the plots in Figure S4 using the methodology of the final matrix in Figure 4 . Figure S6 . Sex ratios at conception and birth per lunar day using the Gaussian random number filter in our interest period. All records with a random value within 2 standard deviations from the mean and within 1 standard deviation are displayed. The overall stem plots from our interest period are included for comparison. Figure S7 . The matrices of p-values of the z -tests for the plots in Figure S6 using the methodology of the final matrix in Figure 4 .
